This paper examines the DTP for three case studies, including an overforecast event. The DTP adequately exhibited the ability to depict the potential for dry thunderstorms based on these case studies. The Reno WFO, and two interagency Geographical Area Coordination Center's Predictive Services offices, have implemented the DTP operationally to ascertain the potential for dry thunderstorms.
Introduction
Dry thunderstorm events [i.e., receiving either <2.5 mm (0.1 in) of rainfall or cloud-to-ground (CG) strikes outside the main rain core] create numerous fire starts in the western United States, which stress local and regional fire suppression resources. Most of the significant dry thunderstorm events that produce thousands of CG strikes and hundreds of fires occur in the western United States (Pacific coast to the Rocky Mountains) between May and September. From 2001 to 2008 lightning ignited a yearly average of 11 912 fires, totaling nearly 4.5 million acres burned. This accounts for approximately 65% of total acres burned per year (explore.data.gov/Natural-Resources/LightningCaused-Fires-and-Acres/89ei-yhw5). The cost of fighting wildfires exceeds $1 billion annually-just from the United States Forest Service-in addition to the millions of dollars in property loss (www.fs.fed.us/ aboutus/budget). The monetary cost can pale in comparison to the fatalities and injuries incurred by firefighters and the public each year.
Fire management heavily utilizes weather forecasts for tactical planning and resource allocation. Thus, it is reasonable to assume that better forecasting of dry thunderstorm events could lead to more efficient and productive fire management, as well as fire fighter and public safety. For example, if fire managers and government officials had 24-48 h of lead time, more efficient steps could be taken to prepare resources for multiple fire starts, and thus reduce the chance of costly, large fires. 
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Many of these dry thunderstorm events occur with an upper-level trough approaching the western United States juxtaposed with monsoonal moisture advected from the south. Monsoonal moisture can be defined as an influx of moisture advected northward, westward, and/or eastward-originating from the Gulfs of California and/or Mexico during the North American warm season (Douglas et al. 1993) . From a forecasting perspective, it can be difficult to predict the location of high-based convection, or to delineate dry and wet thunderstorms, owing to the spatially and temporally variable advection of moisture and areas of instability. Lower-tropospheric thunderstorm indices, such as total totals (TT), convective available potential energy (CAPE), K-index, and lifted index (David 1976; Stull 2000; Doswell 2001 ), struggle to indicate thunderstorm potential because of the complex terrain and the high bases of thunderstorms that predominate in many areas of the western United States.
Many studies have described procedures aimed to predict dry thunderstorms by determining the importance of midlevel (850-500-hPa) instability, low-level (850 hPa) dewpoint depressions, and certain warmseason synoptic patterns (Rorig and Ferguson 1999, 2002; Rorig et al. 2007 ). Bothwell (2002, 2005, 2009) developed statistical techniques to predict thunderstorms by performing logistic regression on more than 200 candidate predictors from model forecast and analysis data to develop the perfect prognosis forecast equations for ≥1, ≥10, and ≥100 CG flash probabilities across the United States. Bothwell built upon this research and developed the dry thunderstorm potential index, which provides a numerical value for dry thunderstorm potential. Wallmann (2004) and Wallmann et al. (2010) described a dry lightning forecast procedure (DLP), which includes the use of the dynamic tropopause (DT) on the 1.5 isentropic potential vorticity unit (IPVU) surface, jet-streak locations to delineate areas of stronger forcing for ascent due to ageostrophic motions, 850-700-hPa layer-average equivalent potential temperature (θ e ), upper-tropospheric (500-300-hPa) lapse rates (UTLR), and high-level TT (HLTT; Milne 2004) . Wallmann (2004) described the dry lightning event that occurred over the Great Basin on 12 August 2001, and Wallmann et al. (2010) detailed how the DLP forecasted the 21 June 2008 northern California dry lightning event in advance.
The DLP provided the foundation for the dry thunderstorm procedure (DTP), described in this paper. The DTP adds two components, while removing one. It excludes the 850-700-hPa layer-average θ e , and incorporates 1) vertical cross sections of θ e and mixing ratio, and vertical cross sections of θ e and relative humidity (RH), and 2) divergence of the 250-hPa horizontal winds. The cross sections represent the main procedure enhancement while the 250-hPa divergence and wind plots allow for examination of instability and forcing by implementing techniques from Uccellini and Johnson (1979) and Moore and VanKnowe (1992) , with support from Kaplan et al. (1998) and Hamilton et al. (1998) .
The purpose of this paper is to demonstrate how the DTP improves upon the DLP by locating and illustrating the potential instability (PI) and moisture in the troposphere more clearly and efficiently. In order to show this, we apply the DTP to three case studies instead of just one as was done by Wallmann (2004) for the DLP. Four additional case studies can be found in Nauslar (2010) . Section 2 describes the DTP, including its improvements upon the DLP and the data employed in the analyses of the case studies. Section 3 discusses the application of the DTP for the case studies and the results of the analyses. Section 4 summarizes the findings.
Methods and data

a. Methods: Dry thunderstorm procedure (DTP)
The DTP includes three parameters (briefly described here) directly from the DLP including: UTLR, HLTT, and the DT on the 1.5 IPVU surface analyses fields (Wallmann et al. 2010) . UTLR comprises the 500-300-hPa layer, which can be employed to ascertain instability aloft without the influence of the planetary boundary layer (PBL) while accounting for the higher cloud bases prevalent throughout the western United States, especially in the Intermountain West. Wallmann (2004) and Wallmann et al. (2010) demonstrated that UTLR values of ≥7.5C km -1 could sustain dry thunderstorm development with adequate low-or mid-level moisture. Milne (2004) developed the HLTT from the traditional TT. Both indices measure the potential for thunderstorm development and coverage. The HLTT is calculated by summing these three variables: 700-hPa temperature, 700-hPa dewpoint, and twice the 500-hPa temperature. Milne (2004) and Wallmann et al. (2010) demonstrated that an HLTT value of 28C is an appropriate threshold for thunderstorms in the mountainous terrain of the western United States. 
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The DT on the 1.5 IPVU surface maps depicts the pressure of the tropopause, which illustrates shortwave troughs and disturbances embedded in the flow that otherwise may go unnoticed at mid-tropospheric analysis levels (Hirschberg and Fritsch 1991a,b; Wallmann et al. 2010) . A more detailed explanation of these parameters can be found in Wallmann (2004) and Wallmann et al. (2010) .
Diagnosing the vertical profile of instability and moisture represent the two biggest difficulties in forecasting dry thunderstorms. Vertical cross sections became a logical addition to the DLP and an integral part of the DTP for several reasons. On the large mesoscale (i.e., 200-2000 (i.e., 200- km, Orlanski 1975 , isentropic surfaces offer improved three-dimensional thermodynamic information where baroclinic zones slope substantially. Motion along strongly sloping isentropic surfaces includes fine-scale moist tongues that are poorly resolved on quasi-horizontal pressure surfaces (UCAR 2002) . Isentropic surfaces tend to be steeper across the same thermal gradient than constantheight or pressure surfaces; therefore, they can be used to discern and diagnose instability and moisture, which helps in locating potential dry thunderstorm areas.
The authors initially plotted potential temperature () with the use of mixing ratio and RH on vertical cross sections using the General Meteorology Package (www.unidata.ucar.edu/software/gempak). However, θ e is appropriate for defining PI (dθ e /dz <0) in the atmosphere, and thus θ e was substituted for . The decision on the path of the cross section is important for a forecaster when trying to diagnose fine-scale phenomena. Multiple cross sections can be drawn over a region, which is why local knowledge from forecasters plays an important role in focusing on specific locations for cross sections. For example, the area of forecast responsibility for a National Weather Service (NWS) Weather Forecast Office (WFO) is small enough to have a restricted number of cross sections to adequately resolve the potential for dry thunderstorms.
An important finding is that these plots show that PI and moisture often are collocated to form an environment conducive for thunderstorms, especially dry thunderstorms. Because θ e is a function of moisture and temperature, it is not entirely surprising to find collocated areas of PI with higher quantities of mixing ratio and RH. PI can exist without higher values of mixing ratio and RH, while the converse of this situation also is true. However, an increase of moisture will provide a profile of dθ e /dz <0 even without mid-to lower-tropospheric instability-the latter of which can result from lifting mechanisms or differential vertical advections. This is very important above the mid-troposphere in the Intermountain West. The prototypical dry thunderstorm tropospheric structure relies on mid-tropospheric PI (with or without an increase of moisture) and moisture with a drier lower troposphere. No mixing ratio or RH thresholds were set to determine whether adequate or excessive moisture existed for dry thunderstorms.
Divergence and winds at 250 hPa were plotted to ascertain the upper-tropospheric jet structure. Transverse circulations are established in the entrance and exit regions of the straight jet streak, while alongstream circulations produce a convergent entrance region and divergent exit region in the curved jet. These regions produce ascent-induced cooling that results in dynamical destabilization of a layer (Uccellini and Johnson 1979; Moore and VanKnowe 1992) . These divergent regions can evolve subsynoptic structures, especially when the flow becomes unbalanced as it departs from the traditional jet streak and quasi-geostrophic theory-owing to outflow from upstream convection ). The sub-synoptic structures, manifested in the form of mesoscale jets (jetlets) due to an ageostrophic response to the perturbation in the mass field from latent heating, produce highly diffluent areas that can support subsequent downstream ascent that triggers new convection Kaplan et al. 1998) .
The times examined for each event were 24-48 h before the event occurred. Each part of the DTP was examined to ascertain the prediction potential of the DTP. Not all components of the DTP indicated dry thunderstorm potential during the same Global Forecast System (GFS) and North American Mesoscale (NAM) model forecast. However, each component did indicate dry thunderstorm potential to occur at the same time by the 36-h NAM or GFS forecast for each event. Thus, a forecaster may need to synthesize information across multiple model runs to gain confidence in a forecast for dry thunderstorms.
b. Data
The results described in this paper are based on the GFS and NAM model simulations (www.emc.ncep. noaa.gov/index.php?branch=NAM). The DTP is meant to use data readily available to operational forecasters to assess dry thunderstorm potential 24-48 h in advance. GFS and NAM model runs were obtained from the NOAA Operational Model Archive and Distribution System (NOMADS; nomads.ncdc.noaa.gov). The GFS data obtained employ a 1° grid and provide forecasts every 3, 6, or 12 h out to 384 h. The NAM data obtained employ a 12-km grid and provide forecasts every 3 h out to 84 h. The GFS and NAM each produced runs initialized at 0000, 0600, 1200, and 1800 UTC, which were viewed up to 48 h preceding each event. GEMPAK and the Advanced Weather Interactive Processing System (NWS 2007) were used to plot the data after converting the NOMADS gridded binary files to a suitable format.
The Program for Climate, Ecosystem, and Fire Applications (CEFA) at the Desert Research Institute (DRI) provided lightning strike data from the National Lightning Detection Network™. Twelve-hour lightning data were plotted from 0000 to 1200 UTC and 1200 to 0000 UTC for each day during the event using the National Center for Atmospheric Research Command Language software (www.ncl.ucar.edu). The National Incident Coordination Center daily situation reports provided the fire ignition data (NICC 2006 (NICC , 2007 (NICC , 2009 . Precipitation data from the Hourly Precipitation Database (www7.ncdc.noaa.gov/IPS/hpd/ hpd.html), Remote Automated Weather Stations, and North American Regional Reanalysis (Mesinger et al. 2006) were analyzed to determine rainfall totals.
Analysis and results
Three cases were selected to demonstrate the DTP. Two cases exhibit the application of the DTP to dry thunderstorm events that ignited hundreds of fires, while the third case represents an overforecast. The 20-21 June 2008 dry thunderstorm event, which helped provide the impetus for creating the DTP, was one of the events not forecasted well and will be compared directly to Wallmann et al. (2010) .
a. Comparison of DTP and DLP: 20-21 June 2008
During 20-21 June 2008 in northern California, predominantly dry thunderstorms produced over 5000 lightning strikes, which ranked in the top five of lightning strikes ever observed during a 24-h time period for northern California. Convection occurred offshore in the previous 24 h, providing evidence of the approaching moisture and instability. This moisture and instability progressed onshore during the afternoon and evening of 20 June 2008 helping initiate convection across northern California. The lightning ignited 602 fires throughout northern California by 0000 UTC 22 June (dashed oval in Fig. 1b) , which overwhelmed the local and regional fire management (Fig. 1) . Twelve firefighters lost their lives and the monetary cost of fighting the fires reached nearly $300 million (Wallmann et al. 2010) . Wallmann et al. (2010) applied the DLP to this event, which provides an opportunity to compare the DLP and DTP, and demonstrate improvements to dry thunderstorm forecasting. The NAM and GFS 48-h model forecast vertical cross sections from Oakland, California (OAK), to Medford, Oregon (MFR), indicated instability and moisture surrounding 700 hPa with drier and more stable conditions below across northern California (Fig. 2) . The NAM forecasts (Figs. 2a and 2b) were valid at 0000 UTC 21 June and the GFS forecasts (Figs. 2c and 2d) were valid at 0600 UTC 21 June. A midlevel plume of moisture formed between 750 and 600 hPa. This plume developed because of the confluence of tropical and subtropical streams of moisture originating near Hawaii and from moisture generated from thunderstorms circulating around a ridge near Baja California and the Sierra Madre Occidental. A noticeable increase of RH and mixing ratio existed in the 750-600-hPa layer, which was collocated with areas of an increased temperature lapse rate (i.e., reduced dry static stability) in the 750-500-hPa layer displayed by the cross sections across northern California (Fig. 2) . The cross sections illustrate the increase of moisture and PI overlying a drier lower troposphere, providing an example of an environment conducive for high-based convection. Wallmann et al. (2010) used supporting plotsincluding RH at different levels, mass advection on different  surfaces (310 and 315 K), temperature advection at different pressure levels, 700-hPa frontogenesis, and most-unstable layer CAPE-to support the DLP, and confirm the presence of sufficient PI and moisture to depict a region favorable for dry thunderstorm development. Implementing the vertical cross sections from the DTP makes these supporting plots unnecessary since the PI and moisture can be seen in one encompassing cross section of the troposphere. 
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With the offshore convection and the upward vertical motion forecast to occur in the eastern Pacific west of the coast of California, the associated latent heat release resulted in mesoscale pressure perturbations. These mesoscale pressure perturbations can produce fine-scale jet structures that may further organize upward vertical motions . Such a mesoscale divergent region arrived above the coast just west of San Francisco Bay in the 48-h GFS forecasts (Fig. 3) . This can be distinguished from the larger area of divergence to the west and northwest that was associated with the main core of the quasi-geostrophic system lying just west-southwest of the northern California coast. This area of divergence gave rise to parcel vertical motions resulting from convectively induced horizontal accelerations-consistent with the diabatic isallobaric component of the ageostrophic wind on isentropic surfaces . The ensuing jetlet can be seen as a ageostrophic wind appendage of the larger polar jet on its right forward flank exceeding 30 m s -1 (60 kt) and approaching the coast on the 250-hPa surface during 0000-0600 UTC 21 June (Fig. 3) . The lifespan of this jetlet was consistent with other jetlets of ~3-12 h (e.g., Hamilton et al. 1998 ). The 250-hPa wind and divergence plots illustrate not only the jetlet, but also the coupled mesoscale divergence away from the core of the polar jet. The DTP 250-hPa wind and divergence plot provides a more complete tool than the DLP 250-hPa wind plot when analyzing instability and upward motion associated with jet streaks.
The DTP and the DLP both contain the remaining forecasting components of tropopause pressure on the 1.5 IPVU surface, HLTT, and UTLR. Therefore, a brief review of the remaining plots will suffice. In Fig.  4a , the GFS forecast shows a weak undulation in the tropopause across northern California in the same region as the flow of moisture and dry thunderstorm formation. This feature helped destabilize the mid-to upper troposphere and possibly resulted from, in part, the offshore convection and subsequent highly divergent jetlet. The HLTT easily reached the minimum forecast thresholds owing to the most significant moisture and instability residing in the 700-500-hPa layer, and offers more evidence of the likelihood of offshore convection as the threshold was met well off the coast. The HLTT values from both the NAM and GFS forecasts met the threshold, although the GFS more accurately portrayed the highly unstable atmosphere over the region (Figs. 4b and 4c) . The GFS forecast in Fig. 4d shows a UTLR value exceeding , with all of northern California reaching the 7.5°C km -1 threshold. The DTP resolved the ingredients and predicted the event more clearly than the DLP-especially without the supporting plots featured in Wallmann et al. (2010) . Moisture flowed above the surface between constant-pressure layers because of the long-term forcing of upward vertical motion and quasi-horizontal transport. The DTP cross sections and 250-hPa wind and divergence plots illuminated the potential for dry thunderstorms more efficiently and completely than its predecessor DLP by eliminating extraneous supporting plots and highlighting the vertical distribution of moisture and instability more accurately. The cross sections reveal the amount of moisture and instability between 750 and 500 hPa. Accelerating flow due to latent heat release from convection over the eastern Pacific Ocean helped perturb the mass and wind fields to form a jetlet, which supported and enhanced the convection as it came onshore as shown by the 250-hPa wind and divergence plots. The strength of the DTP compared to the DLP lies with the fact that it employs information at multiple levels, and aims to identify certain moisture and instability signals that the forecasting of this event required.
b. Comparison of DTP and DLP: 16-17 July 2007
Dry thunderstorms formed quickly early on 16 July 2007 in eastern Nevada, then spread in coverage across all of northern Nevada and southern Idaho over the next 36 h (dashed oval in Fig. 5 ). Lightning strikes ignited over 150 fires, including more than 20 large fires with areas >1.2 km 2 (>296 ac) ( Fig. 5a ; NICC 2007). A weak short-wave trough rotating around the ridge and the extreme southern branch of a 250-hPa curved jet combined with monsoonal moisture to trigger convection over the area in the 1200 UTC 14 July 48-h NAM forecast between 1200 and 1800 UTC 16 July 2007 (Fig. 5b .) The 250-hPa divergence and wind plots and the cross sections resolved the structure of the jet and fringe of the monsoonal moisture in the mid-to upper-levels to show the collocation of the PI and moisture with more stable and drier conditions below. The DTP demonstrates its advantages by illustrating clearly the moisture and PI that produced dry thunderstorms over the central Great Basin. Figure 6 depicts pockets of PI aloft in the 48-h NAM and GFS forecasts with nearly vertical moist isentropic surfaces coincident with a monsoonal surge of moisture depicted by an increase of mixing ratio and RH across northeastern Nevada and southern Idaho. Figures 6c and 6d display the best collocation of moisture and PI with drier lower levels from Elko, Nevada (LKN), to Boise, Idaho (BOI). The PI resulted, in part, from cooling accompanying the shortwave trough moving through the intermountain region and the moisture stream advecting from the southsouthwest to the north-northeast (i.e., from central Nevada to western Idaho). South of the area of concern-across extreme southern Nevada, southern Utah, northern Arizona, and New Mexico-monsoonal moisture penetrated the lower levels producing wetter thunderstorms, while deeper Pacific moisture existed over Montana to the north. This left northeastern Nevada and southern Idaho on the fringe of both moisture plumes, creating an environment where just enough moisture could help trigger thunderstorms, but minimize or even completely exclude surface wetting rains. Without the model forecast cross sections, the arrangement of moisture and PI would not be as apparent.
An unambiguously coherent upper-level jet streak did not exist in the area, but a mesoscale jetlet was forecast to form in northeastern Nevada (Fig. 7) . While this jetlet was small in scale and did not last the entire event, it did affect the local environment. Curved jet-streak ageostrophic circulations suggest upper-tropospheric convergence would be present in northeastern Nevada, northwestern Utah, and southern Idaho as this area was near the crest of the heights at 250 hPa ( Fig. 5b ; Moore and VanKnowe 1992) . Additionally, if the south-to-north branch of the jet acted as a straight jet, the area of concern would reside in the right exit region, thus indicating upper-level convergence (Uccellini and Johnson 1979) . However, the presence of the jetlet created upper-level divergence and subsequent ascent, and overrode the ageostrophic circulations from the larger synoptic jet during its existence of 6-12 h . The cross sections illustrate an increase of RH, with stretching of moist isentropes possibly indicating upward motion and divergence aloft across northeastern Nevada, confirming the influence of the jetlet (Fig. 6) .
The remaining overlapping components of the DTP and DLP (Fig. 8) exhibit the potential for dry thunderstorms. However, the extent and magnitude of thunderstorms are less obvious with the overlapping DTP and DLP components when compared with the cross sections and 250-hPa wind and divergence plots. With most of the instability and moisture in the 700- 500-hPa layer, significantly elevated values of HLTT were expected. However, only the GFS 48-h forecast initialized at 1200 UTC 14 July 2007 indicated enhanced HLTT, including a swath of 32C near the location and time of dry thunderstorm formation across eastern Nevada (Fig. 8a) . A short-wave trough swept through the western Great Basin early on 16 July 2007. This feature can be seen as a pressure perturbation on the DT as well as a wind-shear zone (Figs. 8b and 8c) . The NAM and GFS depicted the short-wave trough in slightly different places, but the magnitude and timing of the wave coincided closely in each simulation. The GFS UTLR 48-h forecast valid at 1200 UTC 16 July 2007 shows a swath of 7.5°C km -1 values through the approximate area of dry thunderstorms in the afternoon of 16 July 2007 (Fig.  8d) . The NAM forecast never truly showed the 7.5°C km -1 threshold explicitly over the area of dry thunderstorms. It propagated from the south and west later in the event. The reasoning for lower UTLR values could be due to the bulk of the instability lying below 400 hPa and predominantly around 500 hPa as noted in the cross sections (Fig. 6) .
The immense dry thunderstorm event that affected northern Nevada and southern Idaho lasted more than 36 h, produced thousands of lightning strikes, and ignited hundreds of fires including more than 20 large fires (NICC 2007) . The DTP demonstrated its advantage over the DLP by illustrating the collocation of the moisture and PI in the mid-troposphere via the cross sections. Additionally, a 250-hPa straight or curved large-scale jet-streak analysis would have yielded an area not conducive for upward motion. However, the divergence plots and the discovery of the short-lived but highly divergent mesoscale jetlet provided a better picture of the structure of the troposphere over the central and northern Great Basin. Without examining the 250-hPa wind and divergence fields and the cross sections, crucial processes to dry thunderstorm formation would be missed, and thus negatively affect the forecast of dry thunderstorms across the central and northern Great Basin.
c. Overforecast: 27-28 June 2008
To test the reliability of the DTP, an overforecast case was examined. On the days preceding 27-28 June 2008, the NWS Monterey WFO expressed concerns about a developing weather situation. On the heels of the 20-21 June 2008 lightning event described above, the Monterey WFO examined the approaching shortwave trough and indicated that high-based, dry thunderstorms could develop over northern California (Wallmann et al. 2010) . The Monterey WFO issued a Fire Weather Watch. However, even with dry instability present, the moisture never became substantial enough to foster dry thunderstorm formation.
The NAM forecast cross sections (Figs. 9a and 9b ) show PI over California west of the Sierra Nevada mountain range (Sierra), but very little moisture above the PBL. The GFS cross sections (not shown) revealed less moisture and did not indicate as much instability throughout the forecasting of the event. A collocation of instability, increased RH, and mixing ratio did exist below 700 hPa and to the east and northeast of the San Francisco Bay Area. This appears to be a feature indicative of a low-level frontal boundary, such as a sea breeze front or the mountain-plains solenoid (Tripoli et al. 1989) for the Pacific Coast Range. The smaller feature seems to have connected with the larger mountain-plains solenoid circulation of the Sierra (Figs. 9c and 9d) . The increase of moisture and PI on the upslope of the Sierra represents a common occurrence during the summer months. Temperatures exceeded 35C and approached 40C across the northern Central Valley in California, which would induce vigorous upslope flow during the afternoon hours. The upslope flow induced shallow cumulus clouds, but the convergence aloft, warm air aloft, and subsidence in the levels above the surface resulted in sinking motions that capped the convection, and therefore did not allow thunderstorms to develop because of too much convective inhibition. The forecasts indicated there was not enough moisture to sustain the development of thunderstorms, especially with the convergence and subsidence aloft that was heating the mid-troposphere.
Weak divergence and convergence prevailed aloft across north-central California and along the crest of the Sierra (dashed oval in Fig. 10a ). Both the GFS and NAM forecasts indicated approximately the same location and magnitude of convergence and weak divergence aloft. An increase of RH and stretching of moist isentropes existed across Nevada, possibly indicating divergence and lifting across northern and north-central Nevada (Fig. 9) . The increase in RH and stretching of moist isentropes aloft did not appear across the California side of the Sierra-showing the lack of upper-level support for ascending motions, especially when examining the supporting uppertropospheric plots (Fig. 10) . With convergence aloft stabilizing the environment, the cumulus clouds could not continue to develop vertically or increase in coverage as the environmental subsidence and subsequent adiabatic warming inhibited them. The UTLR did not meet dry thunderstorm criteria, further demonstrating the lack of upper-level support for destabilization (Fig. 10b) . Sufficient UTLR values existed over far northern California and parts of northern Nevada, but a lack of moisture and mid-to upper-level instability hampered convective development in those areas.
A short-wave trough approached this region as diagnosed from the DT on the 1.5 IPVU surface (Fig.  10c) . Both the NAM and GFS forecasts showed the sequence of undulations from a very short and weak precursor trough, followed by a rise in the DT, and then followed by a more dynamic short-wave trough moving into the region from south to north. The main dynamics lagged behind and did not coincide well enough with upper-level lifting and moisture from the Pacific or via the monsoonal moisture at upper levels. The GFS HLTT forecast showed a pocket of substantial values over the crest of the Sierra in and around Lake Tahoe (Fig. 10d ). This demonstrates a shortcoming of the HLTT. When some moisture is present along with strong upslope flow, the moisture and instability can penetrate into the layer that the HLTT represents, thus raising HLTT values to deceptively large magnitudes.
The inspection of the cross sections and 250-hPa divergence plots was crucial to the event. If a forecaster applied the DLP, a forecast of dry thunderstorms could have been inaccurately produced. It also could be argued that looking at the DTP, a chance of dry thunderstorms still would be forecasted, although not as definitively as the DLP implied. This case also demonstrates the sensitivity of dry thunderstorm formation to not only the amount of moisture and instability, but also the location of moisture and PI horizontally and vertically across a region.
Summary, conclusions, and future work
For both of the lightning events, the DTP correctly depicted the magnitude and location of dry thunderstorm formation, whereas the overforecast case suggests that the application of the DTP can work in diverse scenarios to prevent false alarms. Some discrepancies between the models were revealed, but by using both the GFS and NAM operational models, the loss of congruency while implementing the DTP was somewhat minimized. In the cases examined, most of the DTP criteria were met, and if one part of the procedure was weak in magnitude, others usually demonstrated more robust values to compensate. The DTP shows that not only the existence, but also the strength of each component could lead to better forecasting of dry thunderstorm events as well as how strong and widespread the events will be.
The flexibility of the DTP is its strongest asset. The encompassing components of the DTP form a group of ingredients for dry thunderstorm formation. The cross section plots with θ e and mixing ratio or RH illustrate moisture and instability in more detail than constant-pressure plots. Straight and curved jet-streak analyses per Uccellini and Johnson (1979) and Moore and VanKnowe (1992) diagnosed from 250-hPa wind and divergence fields provided insight to upper-level support for thunderstorm formation. The UTLR provides a numerical value of instability just below 250 hPa (500-300-hPa layer) and couples the mid-to the upper-troposphere. The HLTT shows the 700-500-hPa layer where much of the instability and moisture exist in dry lightning events. Finally, the pressure of the DT on the 1.5 IPVU surface depicts undulations of the tropopause and highlights short-wave troughs that constant-pressure maps underestimate or miss entirely. Each DTP component measures instability or moisture-and in some instances both instability and moisture-that are key to thunderstorm formation. The components of the DTP bring these features to the forefront and allow forecasters to determine if thunderstorms will form, and if they will be dry or wet in a qualitative manner. It also allows for forecasters to impart local knowledge to enhance the DTP by allowing the locations of the cross sections to be determined by the forecasters.
Comparing the DTP and DLP directly for the 20-21 June 2008 and 16-17 July 2007 dry thunderstorm cases demonstrates the advantages of the additions of cross sections and divergence to the 250-hPa winds by explicitly and efficiently illustrating the collocation of moisture and PI in the mid-troposphere to a highly divergent and rapidly evolving jetlet aloft. The DTP demonstrates its effectiveness by correctly resolving pockets of PI and moisture in addition to finer scale jet-streak features such as jetlets. This comparison gives confidence that a detailed future comparison of techniques needs to be performed to unambiguously test these additions to the DLP.
A common theme for each event emerged, which is the collocation of PI and moisture as a secondary region on the periphery of the most favorable PI and moisture for wet thunderstorm development within the 700-400-hPa layer (Figs. 11 and 12 ). This secondary region typically accompanies a negatively tilted upperlevel trough with monsoonal surges and approaching Pacific systems interacting in complex ways over the western United States. Moisture and PI may come from multiple source regions at very fine scales of motion, thus making forecasting these dry thunderstorm events more challenging.
The DTP conceptual summary includes the following elements (Figs. 11 and 12 ):
 an approaching short-wave trough to help provide instability (trend of negatively tilted troughs emerging);  monsoonal and/or Pacific moisture in front of and/or entrained with approaching trough in the mid-troposphere;  collocation of instability and moisture within the 700-400-hPa layer, with drier lower troposphere underneath the pairing; and  the ideal environment resides on the periphery of most favorable moisture and instability for wet thunderstorms where the magnitude and location of each allow for thunderstorm development, but not widespread wetting thunderstorms.
It is recognized that more research on dry thunderstorm cases and overforecast events would further validate the DTP. With a larger sample size, forecast statistics would measure the effectiveness not only qualitatively, but also quantitatively. More objective analyses also could include moisture and instability thresholds in the low-to mid-troposphere to determine the wet or dry nature of the environment. Owing to the temporal and spatial sensitivity of PI and moisture, the DTP would not be a strong candidate to apply to a forecast beyond 48 h because of the anticipated diminishing forecast skill.
